One sentence summary: Recombinant Brochothrix thermosphacta sortase A (SrtA) catalyses in vitro bioconjugation of LPXTG-tagged substrates, and 11 potential SrtA substrate proteins were identified in the genome of this meat spoilage bacterium.
INTRODUCTION
Proteins present on the cell surface of microorganisms facilitate interaction of the microbes with their environment, and play fundamental roles in microbial physiology and virulence. Gram-positive bacteria employ sortase enzymes to coat the surface of their cells with proteins (Spirig, Weiner and Clubb 2011) . These enzymes catalyse a transpeptidation reaction by cleaving surface substrate proteins at their sorting motifs (Marraffini, DeDent and Schneewind 2006) . Resulting acyl enzyme intermediate products between sortases and their substrates are typically resolved by nucleophilic attack of amino groups provided by the cross-bridge of peptidoglycan precursors (Marraffini, DeDent and Schneewind 2006) .
Sortases have two distinct, but mechanistically related functions: (i) to directly attach proteins to the cell wall; and (ii) to assemble pili (Jacobitz et al. 2017) . Based on primary sequence, most sortase homologs can be assigned to one of six classes (A-F; Spirig, Weiner and Clubb 2011) . Sortase A (SrtA) proteins are considered to be versatile, capable of attaching relatively large numbers of functionally distinct proteins to the cell wall, which has led to the proposal that these enzymes fulfil a housekeeping role in the cell (Comfort and Clubb 2004) . The Staphylococcus aureus SrtA (SaSrtA) is the archetypal SrtA protein, responsible for the attachment of key virulence factors to the cell surface of this bacterium including microbial surface components recognising adhesive matrix molecules (MSCRAMMs) such as staphylococcal protein A (SpA), clumping factors A and B (ClfA and ClfB), fibronectin-binding proteins A and B (FnBPA and FnBPB) and collagen adhesin CNA (Schneewind, Model and Fischetti 1992; Mazmanian et al. 2000; Kang et al. 2013; Ghasemian et al. 2015) . SaSrtA recognises substrate proteins with the five amino acid sorting motif Leu-Pro-X-Thr-Gly (LPXTG), where X is any amino acid Ton-That et al. 1999; Kruger et al. 2004) . Sorting motifs of sortase substrates are located at the C-terminal end of the proteins and are followed by a hydrophobic stretch and a positively charged cytoplasmic anchor to ensure these cell surface proteins are retained in the membrane (Schneewind, Model and Fischetti 1992) .
The transpeptidation reaction of the SaSrtA is strongly dependent of the concentration of Ca 2+ (Hirakawa, Ishikawa and Nagamune 2012) and can be seen as a two-step process (TonThat et al. 1999; Jacobitz et al. 2017) . In step one, SaSrtA cleaves the Thr-Gly bond of the LPXTG motif, resulting in the formation of a semi-stable thioacyl intermediate, whereby the SaSrtA is covalently attached to its protein substrate via its active site cysteine residue (Clancy et al. 2010) . The second half of the reaction involves the recognition of the cell wall precursor, lipid II (Perry et al. 2002) . For the SaSrtA, oligo-glycine of the cross-bridge of lipid II functions as a nucleophile to dissociate the thioacyl intermediate and promote SaSrtA-catalysed linkage between the N-terminal primary amino group of oligo-glycine and the Thr carboxyl group of the substrate (Perry et al. 2002) . The resulting protein-lipid II product, in which the components are joined by a peptide bond, is then incorporated into the peptidoglycan via cell wall synthesising transpeptidation and transglycosylation reactions (Jacobitz et al. 2017) . The chemistry of sortasemediated ligation has been exploited for a range of biotechnological applications including the attachment of fluorophores to drugs or antibodies, the immobilisation of peptides to solid surfaces and the labelling of cell surface proteins on living cells (Ritzefeld 2014; Antos, Truttmann and Ploegh 2016) . Class B, C, D, E and F sortases are associated with more specialised functions such as iron acquisition (class B; Mazmanian et al. 2002; Bierne et al. 2004; Maresso, Chapa and Schneewind 2006; Mariscotti, Garcia-del Portillo and Pucciarelli 2009) , pilus growth (class C; Cozzi et al. 2012; Wu et al. 2012; Naziga and Wereszczynski 2017) and sporulation (class D; Marraffini and Schneewind 2007; Suryadinata et al. 2015) . Differences between the different classes of enzymes include the sorting motifs that they cleave. For example, sortase B enzymes recognise an NP(Q/K)(T/S)(N/G/S)(D/A) sequence, which differs notably from the canonical LPXTG motif (Spirig, Weiner and Clubb 2011) . Class A and D sortases of Bacillus anthracis recognise the closely related motifs LP[A/N/K]TG and LPNTA, respectively, although interestingly the enzymes function non-redundantly Spirig, Weiner and Clubb 2011) . Comparative genome analyses also indicate that class E enzymes target LAXTG signals (Comfort and Clubb 2004) , while class C and F sortases of Clostridium diphtheriae target the sorting motifs LPLTG and LAFTG, respectively (Spirig, Weiner and Clubb 2011) . Common features of all characterised sortases to date include the presence of a histidine-cysteine-arginine catalytic triad and the ability to catalyse a transpeptidation reaction, resulting in the attachment of cell surface proteins carrying C-terminal sorting signals to an amino nucleophile (Jacobitz et al. 2017) .
In a previous study (Stanborough et al. 2017) , two sortase genes predicted to encode class A and class B sortases were identified in the genome of the poorly studied, psychrotrophic, Gram-positive, meat spoilage bacterium Brochothrix thermosphacta. Knowledge of the housekeeping sortase of B. thermosphacta and its substrate proteins provides a starting point for understanding how this bacterium interacts with its environment. Therefore, the aims of this study were to generate recombinant B. thermosphacta SrtA (BtSrtA), investigate the in vitro catalytic activity of this enzyme and to identify potential SrtA substrate proteins in the B. thermosphacta genome.
MATERIALS AND METHODS

Multiple sequence alignment of SrtA proteins
MAFFT multiple sequence alignment of SrtA sequences from Staphylococcus aureus (GenBank accession number: WP 000759367), Listeria monocytogenes (GenBank accession number: WP 003722751) and Brochothrix thermosphacta Bth-7807 (GenBank accession number: ODJ55388.1) were performed in Geneious (Kearse et al. 2012 ) using MAFFT version 7.308 (Katoh and Standley 2013) and the default settings.
Cloning, expression and purification of the His 6 -BtSrtA construct DNA manipulations were performed using standard protocols (Sambrook and Russell 2001) . An N-terminal truncated srtA construct was generated by PCR amplification of the B. thermosphacta Bth-7807 srtA (locus tag: BFR41 06585 in GenBank assembly: GCA 001715635.1) starting from codon 31 (Fig. 1) using the forward primer BtBamHISrtA-31fwd (5 -aaaaaGGATCCGCAAATACCAGCAAGGTTG-3 and reverse primer BtNheISrtArev (5 -aaaaaGCTAGCTTATTTGTGCTTGGTAACTT-3 ). An in-house pET43 expression vector (Amp R ) variant was used that was modified between the NdeI and XhoI restriction sites to contain from 5 to 3 a His 6 -tag, a KpnI restriction site, a TEVcleavage site, BamHI and NheI restriction sites and a stop codon. The srtA gene fragment was cloned into the vector using the BamHI and NheI sites to generate an N-terminally His 6 -tagged recombinant protein (His 6 -BtSrtA).
The expression of His 6 -BtSrtA was performed in a BL21 (DE3) Rosetta Escherichia coli strain. Cultures were grown for 18 h +/− 2 h in 2YT media (50 μg/mL ampicillin and 2% glucose (w/v)) at 37
• C, diluted 1/100 in fresh 2YT media (50 μg/mL ampicillin and 2% glucose (w/v)) and cultured at 37
• C and 200 rpm until OD 600 0.4-0.5. Cultures were then shifted to 16
• C and expression of recombinant protein was induced with 1 mM isopropyl-ß-D-1-thiogalactopyranoside for 20 h. Cells were harvested and resuspended in lysis buffer (50 mM HEPES pH 8, 300 mM NaCl, 2 mM MgCl 2 , 0.0025 units/μL Benzonase (Novogen, Hornsby, Australia), 100 μg/mL lysozyme and protease-inhibitor cocktail (Roche, Basel, Switzerland) ). Lysates were subjected to two freeze and thaw cycles (on dry ice and in a 22
• C water bath) followed by sonication on ice. Cell debris and insoluble proteins were removed by centrifugation and clarified lysate was run over a 5 mL His-Trap FF IMAC column (GE Healthcare, Chicago, thermosphacta. Amino acids 6-25 of the BtSrtA, predicted to form transmembrane helices, are underlined in red. To highlight the residues of the N-terminal truncated construct used for recombinant expression (His6-BtSrtA), amino acids 31-211 of the BtSrtA are marked below with a black line. Active site residues are highlighted in orange, the conserved TLXTC motif of sortases is marked with a red box and amino acid residues of the SaSrtA known to bind Ca 2+ are marked below the sequence with asterisks. 
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In vitro thioacyl intermediate reactions
Reaction mixes contained 12 μM His 6 -BtSrtA and 4 μM of a peptide comprising the first 16 amino acids of the amyloid-β (Aβ 1-16 ) peptide fused at the C-terminus to a variety of sortase signal motifs (LPETG, LPQTGS, LPNTGS, LAETG). Reactions were performed in a HEPES buffer (50 mM HEPES pH 8, 150 mM NaCl and 10 mM β-Mercaptoethanol) at 22
• C and components were incubated for 5 h. Reaction products were separated by SDS-PAGE using 4%-12% Bis-Tris gels (Invitrogen, Carlsbad, United States) and transferred onto nitrocellulose membranes for western blot analysis of thioacyl intermediates with an antibody against Aβ (WO2). Equal loading was determined using an anti-His 5 antibody (Qiagen, Hilden, Germay).
In vitro bioconjugation
Bioconjugation reactions were performed as previously described (Baer et al. 2014 ) with some adjustments. Briefly, the reaction buffer consisted of 50 mM HEPES pH 8, 150 mM NaCl and 10 mM β-Mercaptoethanol. Reaction mixes contained 60 μM His 6 -BtSrtA, as well as 20 μM of substrate protein and 2 mM of rhodamine-labelled tri-glycine (GGG-EDA-TAMRA). Two recombinant substrate proteins were used: (i) the Im7 immunity protein with the LPETGG peptide attached at its C-terminus followed by a hexa-histidine tag (Im7-LPETGG); and (ii) FMD scFv fusion protein (variable heavy and variable light antibody chains of model recombinant antibody) with the LPETGG peptide attached at its C-terminus followed by a FLAG-tag and hexahistidine tag (FMD scFv-LPETGG). These substrate proteins and GGG-EDA-TAMRA were provided by CSIRO Manufacturing, and manufactured as previously described (Juraja et al. 2006; Nisbet et al. 2013; Baer et al. 2014) . Reactions were incubated at 22
• C for 5 h and analysed by electronspray ionisation time-of-flight mass spectrometry and SDS-PAGE and Coomassie staining on 4%-12% Bis-Tris gels (Invitrogen). Following subsequent removal of Coomassie dye from the gels, rhodamine fluorescence was measured at 605 nm with a VersaDoc MP Imaging System (Bio-Rad, Hercules, United States).
Genome mining for and characterisation of BtSrtA substrate proteins
Genome mining for BtSrtA substrate proteins, and determination of C-terminal residues comprising the sorting motifs, hydrophobic transmembrane and charged anchor regions of these proteins was performed with the CW-PRED tool (Fimereli et al. 2012 ) available on http://bioinformatics.biol.uoa.gr/CW-PRED/. MAFFT protein alignment with the default settings was used to determine % identity between the substrate candidate orthologs in B. thermosphacta Bth-7807 and B. thermosphacta DSM 20171 T .
InterproScan analysis of substrate candidates was applied for protein classification and to inform on predicted protein function.
RESULTS
The srtA gene of the meat spoilage bacterium Brochothrix thermosphacta consisted of 636 nucleotides encoding a 211 amino acid long protein with a calculated molecular weight of 23.4 kDa. For biochemical characterisation of BtSrtA, an N-terminal His-tagged and truncated variant of the enzyme, missing the transmembrane domain, was expressed (His 6 -BtSrtA). This truncated variant showed good solubility as demonstrated by SDS-PAGE and western blot analysis of the clarified lysate ( Fig. 2A) and was purified using a two-step purification process ( Fig. 2A and B) . The protein was readily concentrated to ∼20 mg/mL, a yield of ∼40 mg/L of recombinant His 6 -BtSrtA from 500 mL of culture.
To test catalytic activity and sorting motif recognition of His 6 -BtSrtA, the recombinant enzyme was incubated with substrates consisting of the first 16 amino acids of the amyloid-β (Aβ 1-16 ) peptide fused at its C-terminus with the sorting signals LPETG, LPQTGS, LPNTGS and LAETG. His 6 -BtSrtA-Aβ 1-16 thioacyl intermediates were detected by western blot using an anti-Aβ antibody (Figs 3 and S1, Supporting Information). Results of these experiments showed His 6 -BtSrtA formed thioacyl intermediates with substrates containing the sorting signals LPETG, LPQTGS and LPNTGS, while catalytic activity of His 6 -BtSrtA towards Aβ 1-16 -LAETG was not detected.
In vitro bioconjugation activity of His 6 -BtSrtA was investigated with a previously described model system (Baer et al. 2014) , utilising recombinant Im7 protein fused at its C-terminus with the LPETGG peptide and nucleophilic amino groups were from rhodamine-labelled tri-glycine (GGG-EDA-TAMRA). Successful attachment of the Im7 protein to rhodamine was determined by rhodamine fluorescence at 605 nm (Fig. 4) and mass spectrometry of the reaction products (Fig. S2 , Supporting Information). Our results indicate the ready formation of an intermediate complex between His 6 -BtSrtA (∼22.1 kDa) and the Im7-LPETGG substrate (∼11.4 kDa), as demonstrated by the detected peaks at ∼32.5 kDa (Fig. S2 , Supporting Information, panels A and C). Nucleophilic attack by GGG-EDA-TAMRA upon this complex was evident by both the presence of a fluorescent band at the correct migration height (Fig. 4, bottom panel) and the ∼10.9 kDa peak, corresponding to Im7-LPET-GGG-EDA-TAMRA (Fig. S2, Supporting Information, panel D) . This reaction was, however, clearly very inefficient. Indeed, the competitive background reaction, where water competes as a nucleophile resulting in hydrolysis of the bound LPET substrate, was readily apparent for His 6 -BtSrtA (Fig. S2 , Supporting Information, panels B and D).
To demonstrate that bioconjugation activity was not limited to the Im7 system, His 6 -BtSrtA was incubated with another Cterminal LPETGG-tagged acceptor protein FMD scFv (28.1 kDa) and GGG-EDA-TAMRA. As demonstrated by the fluorescent band (bottom panel) indicating the FMD scFv-LPET-GGG-EDA-TAMRA end-product, bioconjugation activity of the His 6 -BtSrtA, while again weak, was also observed with this alternative substrate (Fig. 5) .
To determine potential BtSrtA substrates, the genome of B. thermosphacta Bth-7807 was mined for the presence of substrate proteins using an HMM-based tool for accurate prediction of LPXTG and LPXTG-like cell wall proteins of Gram-positive organisms (Fimereli et al. 2012) . Results of this search revealed 11 SrtA substrate candidates, of which the respective GenBank accession numbers and C-terminal residues comprising the sorting motifs, hydrophobic transmembrane and charged anchor regions of the proteins are included in Table 1 . The consensus sorting motif for the 11 proteins was LPXTG, with this sequence of amino acids followed by a glutamic acid in six, an aspartic acid in four and a valine in one of the proteins. To investigate whether these substrate candidates are conserved among different strains of this organism, the genome of the geographically and temporally diverse type strain, B. thermosphacta DSM 20171 T , was searched for orthologs of the 11 proteins. Not only did this search show that the coding sequences of the 11 candidates were conserved in the type strain genome with protein sequences sharing between 70% and 100% identity based on MAFFT protein alignment, but 10 of the 11 sorting motifs of these proteins were identical to those of the Bth-7807 orthologs. The B. thermosphacta DSM 20171 T ortholog with the GenBank accession number ODJ47926.1 was an exception, with the sorting motif of this protein differing by one residue (LPKTGE). As the majority of these proteins were annotated as hypothetical proteins, InterProScan analysis was performed to determine whether protein family assignment and domains could be predicted that were missed in the automated annotation (Table 1) . Functional domains for four of the 11 proteins were not found. Two proteins that were assigned the Go-term 'cell adhesion' for biological processes contained multiple N-terminal located domains belonging to the adhesion domain superfamily, including a fibrinogen-binding domain in each, and four predicted collagen-binding domains in one of these proteins (GenBank accession number: ODJ56202.1). This protein also comprised 12 C-terminal immunoglobulin-like folds. Other substrate candidates included a terpenoid cyclase/prenyltransferase domain protein, a WD/40YVTN repeat-like domain protein, a leucine-rich repeat domain protein, a ParB/ Sulfiredoxin-like domain protein and an MucBP (MUCin binding protein) domain protein comprising five MucBP domains.
DISCUSSION
The BtSrtA shares only moderate sequence homology with the SrtA of the closely related food-borne pathogen Listeria monocytogenes and notably less sequence homology with the archetypal SrtA from Staphylococcus aureus. Despite substantial primary sequence divergence, this work shows that the BtSrtA recognises and cleaves LPXTG motifs, which are sorting motifs targeted by class A sortases. In contrast, the BtSrtA enzyme did not form an intermediate complex with a non-canonical LAETG motif targeted by class E sortases of Actinobacteria (Kattke et al. 2016) . Together with the observed in vitro thioacyl intermediate activity, analysis of the sorting motifs present in the 11 identified SrtA substrate candidates suggests that the BtSrtA targets substrate proteins with the LPXTG motif, which in most cases is followed by a conserved glutamic or aspartic acid residue.
Utilising a model system that was previously tested on SaSrtA (Baer et al. 2014) , the BtSrtA demonstrated weak in vitro bioconjugation activity with two different LPETGG-tagged substrate proteins. While intermediate complexes were readily formed, nucleophilic attack by rhodamine-labelled tri-glycine was very inefficient and clearly of a lesser magnitude than observed for SaSrtA (Baer et al. 2014) . In contrast to S. aureus, lipid II molecules of Brochothrix thermosphacta do not have a penta-glycine crossbridge. Rather, as is the case in the closely related bacterium L. monocytogenes, the stem peptide of the peptidoglycan of B. thermosphacta has a direct 3-4 cross linkage between the diamino acid, meso-diaminopimelic acid (m-Dpm) and D-alanine (Schleifer 1970; Kamisango et al. 1982; Fiedler 1988) . Therefore, poly-glycine cross-bridges are not likely to represent the native nucleophilic scaffold in B. thermosphacta, in line with the weak bioconjugation activity observed with tri-glycine in this study. Dhar, Faull and Schneewind (2000) demonstrated that the L. monocytogenes SrtA cleaves the LPPTG motif of internalin A between the threonine and glycine residues and an amide bond is formed between the C-terminal threonine and the amino group of m-Dpm of the listerial cell wall cross-bridge. Although it is possible that m-Dpm may also be the native nucleophile in B. thermosphacta, in preliminary experiments clear nucleophilic activity for unconjugated m-Dpm and lysine-EDA-TAMRA (the native nucleophile for pilin-assembling sortases (Jacobitz et al. 2017) ), was not observed. (Race et al. 2009; Weiner et al. 2010) . However, definitive experiments will need to be conducted in the future to confirm this. Genome examination identified 11 potential SrtA substrates that were conserved between strain Bth-7807 and the geographically and temporally diverse type strain of this bacterium. Thus, the BtSrtA may also fulfil a housekeeping function, attaching multiple, functionally distinct proteins to the cell wall. Domain analysis of the substrate proteins revealed two proteins with multiple adhesion domains including predicted fibrinogen and collagen-binding domains. SaSrtA attaches a variety of adhesion domain containing virulence proteins (MSCRAMMs) to the cell wall, which are involved in the adherence to host extracellular matrix proteins and cells (Roche et al. 2004; Tsompanidou et al. 2012; Madani, Garakani and Mofrad 2017) . These include proteins with fibrinogen, fibronectin and collagen-binding domains such as ClfA, ClfB, FnBPA, FnBPB and CNA (Deivanayagam et al. 1999; Piroth et al. 2008; Jemima Beulin and Ponnuraj 2017) . As a non-pathogenic, meat spoilage bacterium, the two adhesion domain containing substrate proteins of B. thermosphacta could be involved in the attachment and colonisation of this bacterium to meat carcasses. Indeed, similar to the domain organisation of CNA, one of the candidates contained N-terminal collagen-binding domains and C-terminal repetitive immunoglobin-like folds (Jemima Beulin and Ponnuraj 2017). A MucBP domain protein was also among the identified BtSrtA substrate proteins. Interestingly, cell-surface MucBP-domain proteins are currently known to be present in Listeria and Lactobacillilaes species only and these proteins are assumed to function as adhesins binding to mucus material, although few studies have been conducted to determine their genuine role (Bierne and Cossart 2007; Nishiyama, Sugiyama and Mukai 2016) . Although it is tempting to speculate that the MucBP domain protein of B. thermosphacta may be involved in adherence of this bacterium to animal mucus layers such as the gastrointestinal tract, B. thermosphacta is a psychrotrophic bacterium and clear evidence does not exist that it inhabits these niches.
Among the identified BtSrtA substrates were also three factors with domains that are found in a variety of different proteins and often implicated in protein-protein interactions (WD40 repeat-like domain, leucine-rich repeat domain and immunoglobulin-like fold), a terpenoid cyclase/prenyl transferase substrate protein, which are enzymes involved in the synthesis of terpenes, terpenoids and sterols, and a ParB/Sulfiredoxin-like domain containing protein, which constitute a largely uncharacterised family of proteins.
Enzymes from psychrotrophic and psychrophilic microorganisms may offer novel opportunities for biotechnological exploitation due to their high catalytic activity at low temperatures, low thermostability and other unusual specificities (Feller 2013) . Therefore, in addition to understanding more about the fundamental biology of a key meat spoilage bacterium, the continued study of the BtSrtA may prove fruitful for future biotechnological applications.
Together, the results of this study show that B. thermosphacta encodes a SrtA enzyme, which targets substrate proteins that contain C-terminal LPXTG sorting motifs. Genome examination identified 11 potential SrtA substrates, two of which contained protein domains associated with the adherence of pathogens to host extracellular matrix proteins and cells, suggesting the B. thermosphacta SrtA may be indirectly involved in its attachment to meat surfaces. Thus, further work in this area could lead to an understanding of molecular mechanisms involved in the colonisation of meat by B. thermosphacta and other meat-associated Gram-positive organisms. Importantly, in addition to the current interest in SrtA as a target for the development of antimicrobial drugs, this enzyme and its substrate proteins may prove to be useful targets for spoilage control and intervention.
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